In contrast to daily rhythms that are common in the presence of the geophysical light-dark cycle, organisms at polar latitudes exhibit many diel activity patterns during natural periods of continuous solar light or darkness (polar day and night, respectively), from 24 h rhythms to arrhythmicity. In Arctic Greenland (73.78 N, 56.68 W) during polar day, we observed breeding-site attendance rhythms of thick-billed murres (Uria lomvia; n ¼ 21 pairs), a charadriiform seabird, which provide biparental care at the colony. We found that U. lomvia egg-incubation and chick-brooding attendance is rhythmic and synchronized to the geophysical day (mean period length [rhythm duration] + 95% confidence interval ¼ 24.13 + 0.52 h). Individual pair members had temporally segregated, sex-specific colony-attendance rhythms that were opposite (inverted) to each other, and these sex-specific rhythms were prominent at the population level. Our results provide a basis for investigating circadian systems at polar latitudes and sex-specific parental-care strategies.
Background
Predicting the future would provide a strong fitness advantage. Consequently, nearly all organisms have endogenous timing systems, such as circadian and circannual clocks, that allow them to anticipate cyclic events [1 -3] . At most latitudes, the geophysical light -dark cycle is the predominant environmental cue (zeitgeber) responsible for synchronizing (entraining) rhythms to the 24 h day.
Above the Polar Circles (latitudes 66.68 N and S), the sun either does not set below (polar day) or does not rise above (polar night) the horizon during periods around the solstices. Polar species show a range of behavioural patterns in the absence of the predominant light-dark cycle, including arrhythmicity, free-running rhythms, and entrained rhythms [4, 5] . The nature of selection on biological rhythms may dictate whether rhythms persist during polar night or polar day [4] , such that reindeer (Rangifer tarandus) may become arrhythmic to maximize foraging opportunity [6] , whereas semipalmated sandpipers (Calidris pusilla) providing biparental care may maintain socially synchronized rhythms that may increase breeding success and foraging opportunities [5, 7] .
Thick-billed murres (a.k.a. Brü nnich's guillemots, Uria lomvia) are cliff-nesting charadriiform seabirds that breed in large colonies, provide biparental care to a single young at the colony, and typically migrate below the polar circle during winter [8] . Murres provide paternal-only care at sea to the chick for at least a month after fledging [8] . Thick-billed murres have sex-specific diel activity budgets at polar and subpolar colonies, meaning that the sexes feed at different trophic levels and times of day [9] [10] [11] [12] . The sex-specific behaviour may partition energetic risk between sexes [10] or match sex-specific aggression to defence of the breeding site ( [13] , but see [14] ).
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We found previously that attendance at the breeding colony has a diel rhythm during polar day [15] . Here, we investigate the rhythmicity and the duration (period length) of a possible rhythm of thick-billed murres' sex-specific diel activity, during polar day, by observing their colony attendance.
Methods
We observed 21 colour-marked breeding pairs of thick-billed murres on Kippaku, Greenland (73.78 N, 56.68 W) from 3 July until 27 July 2010 (electronic supplementary material, S1). Attendance was recorded continuously to the nearest minute West Greenland Time (UTC-3) and reported as bird-minutes per hour. We recorded on-duty attendance (egg-incubation or chick-brooding bouts), off-duty attendance (attending the breeding site when the mate was on-duty) and total attendance (on-duty attendance with off-duty attendance) for each individual. Incubating and brooding stages were combined, because evaluation of actograms illustrated minimal differences between breeding stages (electronic supplementary material, Actograms) and the amount of on-duty attendance between breeding stages is consistent for each sex [9] . Some hours were missed owing to unforeseen circumstances (electronic supplementary material, S1). Observations resulted in maximum time-series for individual birds of 9.25 d (222 h). Most time-series for individual pairs were less than the maximum observable timeseries (mean + 95% confidence interval (CI): 142.86 + 25.7 h, range: 52 -222 h; electronic supplementary material, S2), resulting in 6000 bird-hours recorded.
Observers were blind to the birds' sex. At least one pairmember was sexed molecularly following standard methods [16] . Both mates were sexed for five pairs: all of these pairs had a male and female.
Program R v.3.2.0 was used for all statistical analyses. Of the 6000 bird-hours, 286 were excluded owing to data collection methods (e.g. only complete attendance bouts were used in data analyses; electronic supplementary material, S1). Only two instances were observed of a breeding site being unattended. These data are excluded with the 286 bird-hours above, as they were perceived as outliers (electronic supplementary material, S1); continuous on-duty attendance is obligatory in murres: unattended eggs or chicks are atypical ( [8] , N. P. Huffeldt 2010 -2016, personal observation).
Data were summarized for each individual and at the population level for each sex by taking the proportion of bird-minutes observed of the total possible bird-minutes observable for each hour of a time-series and used for autocorrelation and crosscorrelation analyses. Autocorrelation analysis was used to detect rhythmicity in behaviour [17] . A rhythmicity index (RI) was used to assess the strength of a rhythm, allowing direct comparison of rhythms ( [17] and electronic supplementary material, S1). RI is the correlation coefficient of the third peak in the correlogram; lag zero is the first peak. A lag represents the sampling interval (i.e. 1 h). Cross-correlation was used to assess the similarity of and to detect the timing-difference of rhythms with the same form ( phase relationship) between members of a pair and between the sexes at the population level ( [17] and electronic supplementary material, S1). The magnitude (CC) and location (Lag max ) of the first peak of the cross-correlation indicates the phase relationship of each set of time-series assessed [17] .
Period lengths were estimated using the Lomb-Scargle periodogram analysis (R command: randlsp::lomb [18] , oversampling rate ¼ 5) for unequally sampled time-series data ( [5, 18] and electronic supplementary material, S1). We calculated the period length with the largest test statistic (PN max ) for each individual [5, 18] . Rhythms were considered entrained to the geophysical day if mean period length plus or minus the 95% CI 
Results
On-duty attendance was rhythmic and entrained to the geophysical day ( figure 1, figure 2 and table 1) . The sexes had similar on-duty attendance rhythms, except they were inverted ('antiphase'; figures 1 and 2). Each pair was synchronous: each member of a given pair had the same period length and similar (but) antiphase on-duty attendance rhythm ( figure 1 and electronic supplementary material, S2) . The two pairs with the shortest period length for on-duty attendance (22.86 h; electronic supplementary material, S2) were the only pairs to fail in their attempt at breeding during the study. Actograms for the sexes', and for each pair's, attendance types are in the electronic supplementary material, Actograms.
We found a robust 24 h rhythm for on-duty colony attendance at the population level (figure 2a). Rhythmicity of total attendance was similar to on-duty attendance (Wilcoxon signed-rank test of period lengths: 
Discussion and conclusion
Here, we add to the high diversity of biological rhythms at polar latitudes by describing a sexually segregated, antiphase rhythm entrained to the 24 h day that is persistent at the individual and population levels (table 1 and figures 1 and 2) . The phenomenon of individual rhythms coupling to form a synchronized rhythm at the population level is congruent with multi-oscillator theory and the study of networks [19] . The near uniform results of the inverted rhythms for each sex are a product of complementary behaviour of paired mates, because one mate must always be on-duty (figures 1 and 2). The remarkable results are that the inverted rhythms have a period length equalling approximately 24 h (table 1) , are sex-specific ( figure 1b,c) , and are observable at the population level (figure 2), meaning that nearly a complete segregation of the sexes occurs throughout the diel cycle for breeding individuals. Recent studies of activity patterns of murres support diel segregation by sex [9] [10] [11] .
Energetic-risk partitioning [10] and sex-specific breedingsite defence [13] are hypothesized as explanations for why female and male thick-billed murres appear to use the temporal niche differentially when breeding at both subpolar and polar colonies [9 -12] . Available support is inconsistent for the sex-specific breeding-site defence hypothesis [13, 14] ; however, support is stronger for the energetic-risk partitioning hypothesis: the sexes feed at different trophic levels and times of day [10, 12] and foraging of thick-billed murres below the polar circle is constrained by the light -dark cycle and the diel vertical migration of prey [20] , which, owing to their sexually segregated activity rhythm, may marginalize one sex to forage at less productive times of day. By contrast, semipalmated sandpipers maintain synchronized rhythms that have different, but complementary, period lengths for each mate during polar day, which may allow each mate to forage during the most energetically productive time of day [5, 7] , thereby, alleviating a potential constraint on one sex. All the above supports the hypothesis that foraging specialization between the sexes drives the sex-segregated diel rhythms of thick-billed murres. Yet, during polar day, zooplankton and polar cod (Boreogadus saida, a main forage fish [8] ) do not perform diel vertical migration [21, 22] . Thus, more research is needed to explain the maintenance and potential benefits of sex-segregated activity rhythms of thick-billed murres during polar day and to investigate the possibility of conflict over parental care and energy acquisition between mates. Foraging theory predicts that discretionary time (i.e. offduty attendance) is related positively to resource levels [23] . It is known for murres (Uria spp.) that the amount of offduty attendance correlates positively with the quality of foraging conditions [24] , and during this study foraging conditions were perceived as favourable [15, 25] . Therefore, we believe the attendance patterns represent typical behaviour. If individuals spent prolonged durations of time off-duty throughout the diel cycle because of increased discretionary time, then total attendance is expected to be arrhythmic. However, we found similar rhythmicity for total attendance and on-duty attendance ( p-values . 0.05), which may be expected if off-duty attendance occurred only immediately before and after on-duty bouts. This is congruent with the arguable rhythmicity of off-duty attendance at the population level, but the pattern disappears for individuals (table 1 and electronic supplementary material, S2). Our results indicate that offduty attendance occurs both when mates exchange on-duty responsibilities and sporadically throughout the day, neither of which affect substantially the 24 h rhythm resulting from on-duty attendance (on-duty attendance total attendance). Rhythmicity in total attendance and off-duty attendance may strengthen if foraging conditions become poor and the sporadic bouts of off-duty attendance become unsustainable owing to increased effort required for meeting energetic demands, thereby, restricting off-duty attendance to periods associated with the start and end of on-duty bouts and chick provisioning. Interestingly, the relationship between time of day and the sex-segregated rhythms appears to be reversed at some colonies [9] [10] [11] [12] . This, and the widespread presence of individuallevel antiphase rhythms of the sexes, suggests that either the endogenous circadian system or its output is flexible or, alternatively, that behaviour is dictated by another mechanism. Thick-billed murres' unique breeding-site rhythm that persists during polar day and the possible differences in energy acquisition between the sexes provide opportunity to investigate sex-specific parental care. Therefore, thick-billed murres offer an interesting study system for both circadian rhythms and parental-care strategies.
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